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ABSTRACT 
Recent experimental  work deal ing  with the  v ib ra to ry  energy 
d i s s i p a t i o n  of p l a t e s  with beams r i v e t e d  t o  them has ind ica t ed  
t h a t  t he  dominant damping mechanism is  as soc ia t ed  with "gas- 
pumping" in  the  space between the  p l a t e  and t h e  beam. 
t h i s  deduction, a semi-phenomenoiogieai theory is developed which 
p r e d i c t s  s a t i s f a c t o r i l y  not  only the  o rde r  of magnitude of' t h e  loss  
f a c t o r s ,  but  a l s o  t h e i r  dependence on frequency and on gas pressure .  
T h i s  theory  a t t r i b u t e s  the damping t o  viscous fo rces  a s soc ia t ed  wi th  
gas motion t a n g e n t i a l  t o  t he  plane of t h e  p l a t e ,  r e s u l t i n g  from the  
r e l a t i v e  f l e x u r a l  motions between the  ad jacent  p l a t e  and beam 
su r faces .  
Based on 
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I. INTRODUCTION 
A recent  extensive study of j o i n t  damping i n  r i v e t e d  
s t r u c t u r e s  has revealed t h a t  "gas-pumping" i n  t h e  spaces 
between t h e  sur faces  i n  j o i n t s  may cont r ibu te  s i g n i f i c a n t l y  
t o  t h e  t o t a l  damping of such s t r u c t u r a l  systems m. 
r e p o r t  represents  an attempt t o  account, a t  least  semi- 
phenomenologically, f o r  the experimentally observed data on 
r i v e t e d  j o i n t  damping. The primary a i m  of the work presented 
here  was t o  determine whether it i s  poss ib l e  t o  f i n d  a gas- 
pumping mechanism t h a t  would lead t o  damping values ( l o s s  
f a c t o r s )  agreeing i n  order of magnitude w i t h  those observed 
experimentally.  It was a l so  hoped t h a t  such an ana lys i s  might 
r evea l  t h e  dependence of t h e  damping on t h e  ambient pressure,  
so  t h a t  one could then p red ic t  the  changes i n  t h e  damping of 
r i v e t e d  s t r u c t u r e s  due t o  ambient pressure  changes. 
T h i s  
The s p e c i f i c  s t r u c t u r e  under considerat ion is  a plate  t o  
which a beam is  fas tened  with uniformly spaced r i v e t s  [see Fig. 
13. T h i s  type of composite s t r u c t u r e  corresponds t o  t h a t  which 
was examined expe r imen ta l lyy  and has damping c h a r a c t e r i s t i c s  
which a r e  t y p i c a l  of s t r u c t u r a l  components i n  many p r a c t i c a l  
cons t ruc t ions .  The a n a l y t i c a l  approach taken i n  t h i s  present  
r e p o r t  i s  based i n  p a r t  on t he  work of J. D i m e f f ,  J. W. Lane and 
obtained on a gas pressure gauge. 
i s  based on the energy d i s s i p a t i o n  induced by t h e  gas (whose 
ambient pressure i s  t o  be determined) on a v ib ra t ing  diaphragm. 
They concluded t h a t  t h e  d i s s ipa t ion  i s  predominantly a s soc ia t ed  
wi th  the  t a n g e n t i a l  motion of t h e  gas with respect  t o  t he  plane 
G. M. Coon 4/ . Their ana lys i s  was devised t o  account f o r  da ta  
The operat ion of t h i s  gauge 
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of the diaphragm. 
harmonic changes i n  t h e  curvature of the diaphragm. 
t a n g e n t i a l  motion generates viscous forces  t h a t  br ing about 
d i s s ipa t ion .  
f i n d  reasonable ag remen t  between t h e o r e t i c a l l y  pred ic ted  values 
and the  experimental  data . However, the system they  analyzed 
was well defined and, as such, was amenable t o  precise and 
detai led ana lys i s .  The syskem !&!.!e wish to anslyze,  or, the  ether 
hand, i s  more complex, and i t s  dynamical parameters may escape 
p r e c i s e  d e f i n i t i o n .  
ra ther  crude ana lys i s ,  where parameters a r e  defined " s t a t i s t i c a l l y "  
i n  order  t o  remove some of the inherent  complexity. 
ana lys i s  has been successfu l ly  appl ied  t o  the  response of and t o  
t h e  acous t ic  r a d i a t i o n  from complex s t r u c t u r e s y .  ) 
T h i s  motion i s  induced by e x t e r n a l l y  induced 
The 
I n  t h i s  way t h e  above researchers  were able t o  
Y 
To circumvent t h i s  d i f f i c u l t y  we apply a 
(Such an 
The ana lys i s  presented here i s  r e s t r i c t e d  t o  j o i n t  damping 
We begin by analyzing the d iss ipa-  
assoc ia ted  with multi-point-fastened r ive t ed ,  (bolted,  spot- 
welded) plate-beam systems. 
t i o n  per ta in ing  t o  gas flows i n  t h e  space between two adjacent  
sur faces ;  these flows are induced by harmonically varying pressure  
grad ien ts .  We show these pressure grad ien ts  t o  be generated i n  
the  r i v e t e d  plate-beam system a s  a r e s u l t  of re la t ive  f l e x u r a l  
motions between t h e  adjacent p la te  and beam surfaces .  We then 
develop t h e  r e l a t ionsh ip  between t h i s  r e l a t i v e  motion and the  
pressure  grad ien ts  generated by it. Fina l ly ,  we der ive  an 
expression f o r  the  loss f a c t o r  assoc ia ted  w i t h  t h i s  type of 
d i s s i p a t i o n  and show t h i s  loss f a c t o r  t o  be a func t ion  of 
frequency, the c r i t i c a l  frequency of the p l a t e ,  ambient pressure,  
the  mass impedance of t h e  p la te ,  t he  r a t i o  of t he  area of the 
beam t o  t h a t  of the p l a t e ,  the  width of the beam, and the 
-2- 
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average separa t ion  between t h e  plate  and beam sur faces .  I n  I 
t h i s  r epor t  t h e  dependences of t h e  loss f a c t o r  on ambient 
I 
pressure  and on frequency are of p a r t i c u l a r  i n t e r e s t .  
shown t h a t  t he  expression f o r  t he  l o s s  f a c t o r  i s  i n  s a t i s f a c t o r y  
It i s  
~ 
, 
I 
I 
I agreement w i t h  experimental f ind ings .  
-3- 
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11. DISSIPATION ASSOCIATED WITH GAS FLOWS INDUCED BY 
HARMONICALLY VARYING PRESSURE GRADIEhiS 
We study the motion of a gas occupying t h e  space between 
t w o  p a r a l l e l  surfaces  separated by a distance h ,  Consider an 
x-y plane halfway between t h e  two sur faces  (see Fig.  2 ) .  We 
assume t h a t  the gas motion i s  induced by pressure grad ien ts  
p a r a l l e l  t o  the x-y plane; the  pressure i n  the  z-direct ion 
i s  assumed uniform. !..?e assume the  pressure grad ien t  f i e l d  t o  
have a temporal dependence of  the  form exp(iwt)  and a s p a t i a l  
dependence of t h e  form exp(-ik.x).  
frequency, k=[kx,k } denotes a wavevector, and x = (x,y} 
N Y N 
denotes a pos i t i on  vector  i n  t he  x-y plane.  We take  the 
equation of s t a t e  of t h e  gas t o  be of t h e  form: 
Here w/27r denotes t h e  
N U  
pp-n = constant , (2.1) 
where p J p  denote, respect ively,  t h e  pressure and t h e  dens i ty  
of the  gas, and n i s  a constant.  
process  and i s  e q u a l  t o  t h e  r a t i o  of t h e  s p e c i f i c  heats for an 
a d i a b a t i c  process.  ) 
(n i s  u n i t y  for an isothermal 
We assume t h a t  t h e  Mach numbers assoc ia ted  with t he  gas 
motion a r e  much smaller than uni ty ;  then w e  may approximate 
t h e  equations of motion of t h e  gas* [ t h e  equations of conserva- 
t i o n  of mass and momentum] by: 
-I 
aP 
-I 
(nJ?,) at - d iv  N u = 0 , 
-4- 
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I 
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2 
2 a U  = = - -  a ) grad p + 'ID u , N N ( 2 . 3 )  
wnere u = [u,v,w] represents t h e  v e l o c i t y  vector,  
grad p = { 
of the gas, co the  ambient sound speed i n  t h e  gas, v the  kinematic 
v i s c o s i t y  of t h e  gas, and 4J t he  kinematic v i s c o s i t y  of the second 
kind. IJe assume t h a t  e is  of t h e  o rde r  of magnitude of 7 .  A s  
N 
, g} the pressure  g rad ien t ,  po t h e  ambient pressure  
usual, t denotes time and V 2 t h e  Laplace opera tor .  
Imposing t h e  boundary condi t ions [u,v) = 0 a t  z = 1 h, w e  2 
o b t a i n  from Eq. ( 2 . 3 ) q :  
2 
(1 + 3 )  (grad p )  [l - -1 , C N i m p  0 cos(F 1 K Z )  C U J v 3  - - 
0 I 
I 
i 
where 
J 
8 r ep resen t s  t h e  boundary layer  th ickness ,  t he  depth of 
pene t r a t ion  of  an o s c i l l a t i n g  motion 5l . 
We have assumed here t h a t  edge effects  are neg l ig ib l e .  
T h i s  assumption i s  v a l i d  only i f  t h e  sepa ra t ion  h between the  
su r faces  i s  small compared with any l i n e a r  dimension of the 
overlapping a rea  of t he  sur faces  i n  the  x-y plane.  
-5- 
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2 We l i m i t  ou r  cons idera t ion  t o  cases  where (6k) and 
2 (me/., ) a r e  small compared wi th  un i ty ;  it can r e a d i l y  be 
deduced t h a t  these r e s t r i c t i o n s  hold i n  t h e  ranges of 
frequency and ambient pressure which a r e  of i n t e r e s t  i n  
any p r a c t i c a l  s i t u a t i o n  to which t h i s  r e p o r t  i s  d i r ec t ed .  
Again, because of the  small Mach numbers involved i n  
t h e  flow, the expression f o r  khe power P dissipated In t h e  
reg ion  o f  overlap between t h e  two su r faces  may be approximated : G/ a 
where Ab denotes t he  a r e a  of t he  overlap of t he  two sur faces .  
The symbol < > i n d i c a t e s  averaging over t h e  appropr ia te  area, 
i n  Eq. (2.7) over  A b .  
From Eqs .  (2 .4)  and (2.7) we obta in :  
fi 
where 
The func t ion  H - ( 6 )  i n  Eq .  (2 .8)  embodies t h e  dependence 
of t h e  d i s s i p a t e d  power on t h e  r a t i o  8 of t h e  sepa ra t ion  h t o  
t he  boundary l a y e r  thickness  6 .  A p l o t  of H - (e) i s  presented 
-6- 
Report No .  137': Bol t  Beranek and Newman Inc.  
i n  Fig. 3. 
and va r i e s  monotonically on both  sides of t h i s  maximum. 
W e  no te  t h a t  H - ( e )  has a maximum a t  about 8 = 2 
This  behavior of H - (e )  can r e a d i l y  be i n t e r p r e t e d  with 
the  a i d  of Fig.  4. A given pressure gradierit  p a r a l l e l  t G  the  
x-y plane spends i t se l f  par t ly  i n  genera t ing  p a r t i c l e  v e l o c i t y  
g rad ien t s ,  and p a r t l y  i n  generat ing p a r t i c l e  v e l o c i t i e s .  The 
d i s t a n c e  of the  plane from t h e  phys ica l  sur face .  The dependence 
of  the  p a r t i c l e  v e l o c i t y  grad ien t  and t h e  p a r t i c l e  v e l o c i t y  on 
the  normalized d i s t ance  from a f l a t  sur face  are i l l u s t r a t e d  i n  
Fig.  4. The power d i s s ipa t ed  i n  a given plane i s  propor t iona l  
t o  the  product of the  p a r t i c l e  v e l o c i t y  g rad ien t  and the  p a r t i c l e  
v e l o c i t y  i n  t h i s  plane.  A s  i nd ica t ed  i n  Fig. 4, t h e  eriergy 
diss ipated i n  a plane p a r a l l e l  t o  t h e  su r face  varies with 
d i s t ance  from the su r face  and i s  maximum for a plane spaced 
about 
i s  small if 8<<1, because the  dr iv ing  pressure  g rad ien t s  then  
genera te  large p a r t i c l e  ve loc i ty  g rad ien t s ,  bu t  low p a r t i c l e  
v e l o c i t i e s ,  leading,  on balance, t o  r e l a t i v e l y  l i t t l e  energy 
d i s s i p a t i o n  per u n i t  d r iv ing  pressure  g rad ien t .  If e>>l, most 
of the flow i s  governed by e s s e n t i a l l y  f ree  f low of the  f l u i d .  
L i t t l e  d i s s i p a t i o n  occurs except i n  a small region near  the  
su r faces ;  t he  s u b s t a n t i a l  p a r t  of t h e  d r iv ing  pressure  g rad ien t  
i s  spent  i n  imparting momentum t o  t h e  gas. For 8 2 t he  pressure  
g rad ien t  genera tes  p a r t i c l e  v e l o c i t y  g r a d i e n t s  and p a r t i c l e  
v e l o c i t i e s  which combine most favorably  t o  produce r e l a t i v e l y  
high d i s s i p a t i o n .  
Odldl,G;t: b&-deerL these t T . r n  n v - h n t i t i  n e  
U Y Y U  yuuL+rv " A b "  is determined by the L - l - - - -  
1 from t h e  sur face .  It i s  now apparent t h a t  H - ( e )  
-7- 
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111. THE PRESSURE GRADIENTS AND THE LOSS FACTOR 
If w e  can show t h a t  harmonically varying pressure  g rad ien t s  
are generated i n  the  gas t h a t  occupies t h e  space between the 
s u r f a c e s  of t h e  plate  and t h e  beam, then  we know t h a t  t he  power 
d i s s i p a t i o n  i n  a beam-plate system w i l l  obey Eq. (2 .8 ) ,  with A b  
here represent ing  t h e  area of the  beam su r face  i n  contac t  w i t h  
the  p l a t e .  For Eq. (2.8) t o  be va l id ,  however, t h e  width of the  
beam must be s u b s t a n t i a l l y  g r e a t e r  t han  the  sepa ra t ion  between 
t h e  ad jacent  sur faces  of the beam and t h e  p l a t e .  T h i s  i s  usua l ly  
sa t i s f ied  i n  p r a c t i c a l  cases, and w e  assume t h i s  i n e q u a l i t y  t o  
hold throughout t h i s  report. O f  course,  i n  a p r a c t i c a l  case,  t he  
a c t u a l  s epa ra t ion  d i s t ance  may vary from one loca t ion  t o  another:  
indeed, i f  the beam i s  r i v e t e d  one would expect t he  sepa ra t ion  
t o  be greater away from a r i v e t  than i n  t h e  v i c i n i t y  of a r i v e t .  
We sha l l ,  never the less ,  assume t h a t  a t y p i c a l  "average" sepa ra t ion  
d i s t a n c e  can be spec i f i ed .  
Our present  task thus  is  t o  determine ( Igrad  pI 2 > and t o  
show t h a t  (grad p )  i s  of the appropriate  form i n  the  case of 
a r i v e t e d  plate-beam system. We l i m i t  our  cons idera t ion  t o  a 
plate-beam system i n  which the  a rea  of the  p l a t e  i s  much l a r g e r  
t h a n  the beam contac t  a rea .  F'urther, we confine ourse lves  t o  
t h e  frequency range i n  which the f l e x u r a l  wavelength of the 
v i b r a t i o n  on the  p l a t e  i s  s u b s t a n t i a l l y  smal le r  than  a t y p i c a l  
p l a t e  dimension. [The ana lys i s  presented here can be modified 
t o  account for less r e s t r i c t e d  cases .  However, our purpose here 
i s  t o  present  r e s u l t s  i n  as simple a form a s  p o s s i b l e . ]  With t h e  
foregoing r e s t r i c t i o n s  (and i n  the  plate-beam experiments 
presented below), t h e  v i b r a t i o n a l  f i e l d  on the  p l a t e  i s  sub- 
s t a n t i a l l y  d i f f u s e ,  and t h u s  can be s p e c i f i e d  i n  terms of t h e  
- 8- 
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spa t ia l  average of t h e  mean-square ve loc i ty  f i e l d  on the  p l a t e ,  
<IVpo12>. T h i s  quant i ty  i s  readily measurable i n  a given 
experiment. Moreover, t h i s  quan t i ty  i s  d i r e c t l y  r e l a t e d  t o  
the energy E s to red  i n  t h e  plate-beam system, 
P 
where A 
t h e  p l a t e  mass per  u n i t  area.  
l o s s  f a c t o r ,  i n  terms of energy s to red  and energy d i s s i p a t e d  
p e r  cycle, permit  us  t o  obtain an exDression for t h e  l o s s  
denotes t h e  a rea  of t h e  p l a t e ,  Ap>>Ab, and m represents  
P P 
Eq. (2 .8)  and t h e  d e f i n i t i o n  of 
f a c t o r  d q a  1 2 3  assoc ia ted  w i t h  t he  power d i s s i p a t e d  by t h e  
gas motion i n  t h e  space between t h e  plate  and the beam: 
It has been established, by experiments on plate-beam systems 
of t he  form considered here, t h a t  t h e  l o s s  f a c t o r  va i s  
independent of <IV I*>, provided t h a t  "slapping" between t h e  
two sur faces  i s  avoided. We thus expect t h a t  (Igrad pi2> i s  
d i r e c t l y  r e l a t e d  t o  <IV I*>. We show next t h a t  such a 
r e l a t i o n s h i p  a c t u a l l y  exists. 
P O  
PO 
-9- 
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IV.  THE STRUCTURAL MODEL 
A schematic representa t ion  of t h e  s t r u c t u r a l  system under 
cons idera t ion  is  given i n  Fig. 1. Me have s t i p u l a t e d  e a r l i e r  
t h a t  we consider  t h e  v i b r a t i o n a l  f i e l d  of t h e  p l a t e  to be d i f fuse .  
Thus we may formulate our problem i n  terms of a s i n g l e  t y p i c a l  
f l e x u r a l  wave on t h e  p l a t e ,  and then  ob ta in  from t h i s  s impler  
a n a l y s i s  r e s u l t s  which apply t o  a d i f fused  s e t  of waves with 
f requencies  ly ing  within a narrow band (e.g.  t h i r d  octave)  
centered  on t h e  frequency of t h i s  s i n g l e  wave. The v e l o c i t y  
denotes t h e  amplitude or" t h e  f l e x u r a l  v e l o c i t y  f i e l d  on 
the  p l a t e ,  except a t  and near t h e  region covered by t h e  beam, 
which region i s  h e r e a f t e r  ca l l ed  the " s t r i p . "  The v e l o c i t y  
f i e l d  on t h e  p l a t e  i n  t h e  s t r i p  w i l l ,  i n  genera l ,  be d i f f e r e n t  
from V because of t h e  beam, which a c t s  on the  p l a t e  v i a  t h e  
r i v e t s  and v i a  t h e  gas occupying the  space between the  su r faces  
of t h e  p l a t e  and t h e  beam. The e f f e c t  of t h e  r i v e t s  on t h e  
H e  has shown t h a t  ( i n  absence of gas e f f e c t s )  equa l ly  spaced 
r i v e t s  produce a v e l o c i t y  f i e l d  amplitude Vs t h a t  may be sub- 
s t a n t i a l l y  d i f f e r e n t  from V 
where d i s  t h e  spacing between t h e  r i v e t s  and k t h e  wavenumber 
o f  t h e  t y p i c a l  wave on t h e  plate .  If k d > 5, then  t h e  d i f f e r e n c e  
between Vs and V i s  n e g l i g i b l e .  This  r e s u l t  is  reasonable,  s ince  
t h e  " e f f e c t i v e  area" over  which a r i v e t  extends i t s  inf luence  may 
P O  
v e l o c i t y  f i e l d  i n  t h e  s t r i p  has  been s tud ied  r e c e n t l y  by Unga & . 
e s s e n t i a l l y  only for k d < 1, 
P O  P -  
P 
P 
PO 
be expected t o  be a d i sk  having a r ad ius  of t h e  o rde r  of k -I . 
P 
Ungar's r e su l t sg  can be summarized a s :  
<Ivs 12> = <IVpo 12> S(kpd) , 
where S(k d )  i s  a complicated func t ion  of k d when k d<l ,  but  
becomes e s s e n t i a l l y  u n i t y  when k d>5. 
P P P -  
P -  
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I n  add i t ion  t o  t h e  r i v e t s ,  the  gas i n  the space between 
t h e  sur faces  of the  plate  and the  beam inf luences  t h e  p la te  
v e l o c i t y  f i e l d  i n  the  s t r i p .  One may invoke the  p r i n c i p l e  
of superpos i t ion  t o  account for both e f f e c t s  simultaneously.  
Unfortunately,  t he  e f f e c t  of the r i v e t s  i s  a s soc ia t ed  with 
t he  po in t  impedance of the p l a t e , u  and, as w e  s h a l l  see, 
t h e  e f f e c t  of the gas i s  a s soc ia t ed  wi th  the l i n e  impedance 
of t he  p l a t e .  Tnis d i f f e rence  between t h e  effects renders  
a comprehensive ana lys i s  r a t h e r  d i f f i c u l t .  To circumvent 
t h i s  d i f f i c u l t y  w e  assume t h a t  the  e f f e c t s  a r e  s t a t i s t i c a l l y  
independent. T h i s  assumption e l imina tes  the  p o s s i b i l i t y  of 
accounting f o r  resonances and anti-resonances t h a t  may occur 
between the  two mechanisms; only g ross  p r o p e r t i e s  can be 
a s c e r t a i n e d  under t h i s  assumption. However, when k d>5 the  
conclusion should hold that  the inf luence on t h e  v i b r a t i o n a l  
f i e l d  on the  s t r i p  by t h e  r i v e t s  i s  n e g l i g i b l e ;  i n  t h i s  case 
t he  inf luence  of the gas, i f  s u b s t a n t i a l ,  i s  the only  e f f e c t  
remaining. W e  proceed now t o  account for t h i s  l a t t e r  e f f e c t .  
P -  
I n  most p r a c t i c a l  systems the beam has a length  much 
larger than  i t s  width, and i s  much heavier  and s t i f f e r  than  
t h e  p la te  s t r i p .  Therefore, there occurs a "b ias"  towards 
x-wise incidence of f l e x u r a l  waves on t h e  s t r i a ;  i n  add i t ion ,  
t he  beam motion can be e s s e n t i a l l y  neglected.  
can be made less r e s t r i c t i v e ,  but  a t  t he  expense of higher  
t he  above r e s t r i c t i o n s ,  w e  s h a l l  no t  p re sen t  a more genera l  
a n a l y s i s  here . ]  
[The a n a l y s i s  
complexity I/ . Since most p r a c t i c a l  plate-beam systems s a t i s f y  
-11- 
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IJe may cons ider  the  t y p i c a l  f l e x u r a l  wave on the  p l a t e  a s  
being inc iden t  on the  s t r i p  i n  the x-d i rec t ion .  T h i s  wave 
produces a r e l a t i v e  motion between the  su r faces  of the p l a t e  
and the  beam t h a t  i s  uniform i n  the  y-d i rec t ion  and has an 
associated wavenumber i n  the  x-d i rec t ion  equal  t o  K = k 
P. 
If k h<<l and koh<<l, where ko i s  the  acous t i c  wave- 
number i n  the gas a t  t h e  approprlzte  frei juenzy, this r e l a t i v e  
motion between the  beam and t h e  p l a t e  s t r i p  w i l l  genera te  a 
pressure  f i e l d  having a s p a t i a l  and temporal component i n  
the x-y plane which is  c lose ly  r e l a t e d  t o  t h e  r e l a t i v e  
of t h e  z coordinate ,  i n  consequence of t h e  i n e q u a l i t y  t h a t  
koh<<l, which w e  shall  assume t o  hold throughout t h i s  repor t .  
P 
s t r u c t u r a l  motion E/ . T h i s  pressure f i e l d  w i l l  be  independent 
We cons ider  two i n f i n i t e s i m a l l y  narrow p l a t e  s t r i p s ,  
both having the i r  long axes p a r a l l e l  t o  the  y-d i rec t ion .  
One s t r i p  is  centered a t  pos i t i on  x 1  and t h e  o t h e r  a t  p o s i t i o n  
x on the x-axis,  a s  ind ica ted  i n  Fig.  5. We may choose 
p o s i t i o n  x a t  t he  o r i g i n  of our  coordinate  system so  t h a t  
x i s  measured r e l a t i v e  t o  x (see Fig.  5 ) .  The d i f f e r e n t i a l  
p ressure  on the  s t r i p  a t  pos i t i on  x 1  r e l a t i v e  t o  t h a t  a t  x 
i s  given by [(p-p,) exp(-ik x ) ]  exp(- ik  X I ) .  The e f f e c t  
of t h i s  pressure  f i e l d  on t h e  s t r i p  a t  p o s i t i o n  x can be 
computed with t h e  a i d  of a spat ia l  p l a t e  t r a n s f e r  func t ion  
T ( x '  Ix), def ined b y y :  
I 
P P 
k 
T(x'1x) = %(XI) + -f e x p ( [ i - q ( x l ) ] k p x ' )  , 
such t h a t  t h e  e f f e c t i v e  pressure d i f f e r e n t i a l ,  peff (x )  a t  x 
-12- 
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i s  given by: 
Perf (x) = (p-po) exp(-ikpx) T(x'1x) exp(-i1.c P x ' )  dx '  , 
where t h e  t i m e  dependence has been suppressed and 
x'>o 
-q x '<o 
q ( x ' )  = 1 
Here q r ep resen t s  t h e  t o t a l  l o s s  f a c t o r  of t h e  p l a t e ,  and t h e  
i n t e g r a l  i n  Eq. (4 .3)  i s  taken over t h e  width b of t h e  beam. 
Note t h a t  peff (x) dx i s  t h e  e f f e c t i v e  f o r c e  a c t i n g  on t h e  
s t r i p  a t  x. The d e l t a  func t ion  i n  Eq. (4 .2)  t a k e s  account 
of t h e  s e l f - t r a n s f e r  of t h e  l o c a l  pressure  f i e l d  a t  p o s i t i o n  
x. 
p re s su re  d i f f e r e n t i a l  amplitude: 
From Eqs. (4.2) and (4.3) w e  ob ta in  f o r  t h e  e f f e c t i v e  
k b  
Perf  = (p-Po) (1 + -;- ) = (P-Po) B > 
where we assumed t h a t  qk  b<<l. 
by f3 must be modified i f  t h e  foregoing i n e q u a l i t y  i s  v io l a t ed ;  
see Eq. (4 .3) .  
The expression represented  
P 
Because of t h e  assumption t h a t  t h e  e f f e c t s  of t h e  r i v e t s  
and t h e  gas  are uncorrelated,  w e  may cons ider  t h e  e f f e c t  of t h e  
gas s t a r t i n g  with a s t r i p  ve loc i ty  Vs. This  v e l o c i t y  now plays 
t h e  r o l e  of  a dummy va r i ab le  whose mean-square value i s  d i r e c t l y  
r e l a t e d  t o  t h e  mean-square ve loc i ty  on t h e  p l a t e  v i a  t h e  func t ion  
-13- 
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t of t h e  gas  'n t h e  p l a t  
s t r i p  v e l o c i t y  i s  t o  induce a change i n  t h e  v e l o c i t y  amplitude 
Vs t o  a value which w e  denote by V 
amplitude i n  t h e  s t r i p ,  from V, t o  Vp, can be r e l a t e d  t o  t h e  
e f f e c t i v e  pressure  t h a t  produces it i n  terms of  t h e  l i n e  
The change i n  t h e  v e l o c i t y  
P* 
impedance of t h e  p l a t e  2/ : 
wher F10/ 
= 4ump/(1-i) (4 .6)  zL 
The v e l o c i t y  amplitude V may be e l imina ted  from Eq. (4.5) 
P 
by use of Eq. (2 .2) ,  averaged over  t h e  coordinate  z, and appl ica-  
t i o n  of Eq. ( 2 . 4 ) w .  T h i s  procedure y i e l d s  t h e  equation: 
where 
Noting t h a t  k 2 = agw/c0 2 , where w /27r i s  t h e  c r i t i c a l  frequency w 
P g 
of t h e  p l a t e ,  w e  obtain,  from Eqs. (2.8), ( 4 . l ) ,  (4 .5)  and (4.6):  
-14- 
(4.9) 
Report No. 1374 Bol t  Beranek and Newman Inc. 
where 
UJ 
2 
- 5 (1 - H+) ]2 + 
i > z h  + % H I .  
G - j T 1 -  2 (4.10) 
nPoB 
w -  4w m h 
P P 
It i s  c l e a r  that qa i s  independent of t h e  l e v e l  of 
e x c i t a t i o n  of t he  plate-beam system (provided t h a t  impacts 
between t h e  surfaces  of t he  plate and the  beam are avoided). 
By t h e  na ture  of our  der ivat ion,  the loss f a c t o r  qa, as 
stated i n  Eq. (4.9), refers t o  a narrow frequency band 
centered about a. 
The f a c t o r  ( S / G )  i s  simply r e l a t e d  t o  t h e  r a t i o  of t he  
s p a t i a l  average of the ve loc i ty  f i e l d  amplitude i n  the s t r i p  
t o  t h a t  on t h e  e n t i r e  plate.  The f a c t o r  w /w, which appears 
i n  qa (and G), i s  of p a r t i c u l a r  i n t e r e s t .  It mul t ip l i e s  
those  terms t h a t  are concerned wi th  t h e  i n e r t i a l  motion of 
the  gas, and i s  a measure of the normalized t i m e  t h a t  is  
a v a i l a b l e  f o r  t h i s  motion t o  be  established and maintained. 
This aspect  becomes clear when one remembers t h a t  w /a i s  
f l e x u r a l  wave. The t i m e  var iab les  i n  t he  gas a r e  r e l a t e d  
t o  t h e  sound speed co, while those i n  t h e  p la te  a r e  related 
t o  c Thus, i f  w /w i s  large,  the  i n e r t i a l  motions i n  t he  
gas are accentuated and t h e  e f f e c t s  of these motions a r e  
amplified.  
g 
equal  t o  (c0/c )*, where c is t h e  phase speed of t h e  g P P 
P' g 
Two s i g n i f i c a n t  aspects  of t h e  func t ion  G deserve 
s p e c i a l  mention. 
G i s  governed by a parameter tha t  i s  the  r a t i o  of the impedance 
The f i r s t  is  t h a t  t he  value of t h e  func t ion  
-15- 
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of  t h e  gas t o  t h a t  of the plate. I n  p a r t i c u l a r ,  the  former 
impedance depends on t h e  ambient pressure .  If  the  ambient 
p re s su re  i s  s u f f i c i e n t l y  low, G i s  approximately uni ty ,  
i n d i c a t i n g  t h a t  the motion of the plate  i n  the s t r i p  is no t  
affected by t h e  presence of t h e  gas. On t h e  o t h e r  hand, i f  
t h e  ambient pressure  i s  s u f f i c i e n t l y  high, the value of G 
exceeds uni ty .  Then t h e  gas acts so  as t o  i n h i b i t  the  
r e l a t i v e  motion between t h e  surfaces of the p i a t e  arid the 
beam, an e f f e c t  which tends t o  diminish the  value of t he  
loss f a c t o r  qa. 
t h a t  it i n d i c a t e s  t h a t  a resonance condi t ion  between the  
motion of t he  gas and tha t  of t h e  plate  s t r i p  can occur. 
However, because of t h e  r e a l  part  i n  t he  l i n e  impedance of 
the plate  and t h e  d i s s i p a t i v e  term i n  the  i n e r t i a l  motion of 
t he  gas, t h i s  resonance i s  weak and does no t  apprec iab ly  
The second aspec t  of t he  func t ion  G i s  
affect  the value of qa. 
Eq. (4.9) c o n s t i t u t e s  t h e  c e n t r a l  r e s u l t  of t h i s  
r e p o r t .  However, before  it can be used t o  y i e l d  practical  
r e s u l t s ,  one must examine more c l o s e l y  the parameter 8 = h/E 
where 6 = (2v/w) 1/2 . 
-16- 
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V. 
and 
t h e  
THE DEPENDENCE OF THE KINEMATIC VISCOSITY ON TKE 
SEPARATION DISTANCE 
If the  l i n e a r  dimensions of the  space between t h e  beam 
p l a t e  a r e  large compared w i t h  t h e  molecular mean free path, 
kinematic v i s c o s i t y  obeys: 
where denotes t h e  average speed of t h e  molecules and A denotes 
the mean f r e e  path.  [ I n  a i r ' a t  2OoC 6 
A = ( 5 . 5 ~ 1 0 - ~ / p , )  cm ( f o r  p, i n  xm H g ) . ]  
4 4.6~10 cm/sec and 
However, i f  t h e  gas i s  confined t o  a space which has a 
l i n e a r  dimension n e a r l y  equal t o  o r  smaller  than  the  mean free 
pa th  between intermolecular  c o l l i s i o n s ,  then the expression f o r  
argue that  the na ture  of t he  kinematic v i s c o s i t y  does not  change 
except t h a t  now t h e  molecular-surface c o l l i s i o n s  are i n  con t ro l  
Since the former c o l l i s i o n  process i s  assoc ia ted  with a mean f r e e  
pa th  t ha t  depends on t h e  separat ion h, the  kinematic v i s c o s i t y  
would also be a funct ion of h. Unfortunately, t h e r e  e x i s t s  a t  
t h e  present  t i m e  no firm t h e o r e t i c a l  basis f o r  a sce r t a in ing  the  
poin t  of  departure from one regime t o  t h e  other .  However, on t h e  
basis of  previous w o r k y  dealing w i t h  a c l o s e l y  r e l a t e d  problem, 
it appears t h a t ,  when t h e  mean free path of intermolecular  
c o l l i s i o n s  becomes greater than about a t h i r t i e t h  of the 
separa t ion  d i s t ance  h, the  kinematic v i s c o s i t y  reaches an 
asymptotic value and t h e  expression f o r  t h i s  quan t i ty  i s  given 
by: 
the kinematic v i s c o s i t y  depends on t h i s  dimension Y . 
of  the gas dynamics rather than t h e  intermolecular  c o l l i s i o n s  12_/ . 
One may 
-17- 
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J 
where s i s  a dimensionless constant equal t o  about 30. 
Eqs. (5.1) and (5.2) can be conveniently combined i n t o  a 
s i n g l e  expression: 
From Eqs. (2.6), (2.9) a i d  (5.3) w e  ob ta in :  
We a r e  now i n  a p o s i t i o n  t o  compare our t h e o r e t i c a l  p red ic t ions  
w i t h  t he  ava i l ab le  experimental data. However, before w e  do so, 
it may be he lp fu l  t o  examine some of t h e  asymptotic forms of the 
l o s s  f a c t o r  7,. 
-18- 
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V I .  ASYMPTOTIC BEHAVIOR OF THE LOSS FACTOR 17, 
It is  apparent t h a t  Eq. (4.9) is  rather complex and 
involves  many parameters of the s t r u c t u r a l  system and of t he  
gas, Although present-day computers permit us  t o  a r r i v e  a t  
numerical  r e s u l t s  without great d i f f i c u l t y ,  w e  can more r e a d i l y  
g a i n  some i n s i g h t  i n t o  t h e  behavior of qa i n  some regions of 
i n t e r e s t  by examining in  t u r n  t h e  f u n c t i o n a l  f a c t o r s  that  
combine t o  form the expression given i n  Eq. (4.9) f o r  qa. 
The f a c t o r  A p p o / A  m w% is  seen t o  be simply t h e  r a t i o  
of t h e  absolu te  value o f  t h e  s t i f f n e s s  impedance Abnpo/uh of 
t he  gas  i n  t h e  space between t h e  two su r faces  t o  the  absolu te  
value of t h e  i n e r t i a  impedance of the  p l a t e ,  A m w. This r a t i o  
i s  t h u s  a measure of t h e  r e l a t i v e  energy s t o r e d  i n  the gas and 
the  p l a t e  under i d e a l  conditions.  The f a c t o r  S/G i s  a measure 
of t h e  inf luence  of t h e  r ivets  and of the gas i n  t he  in t e r space  
on t h e  motion of the  p l a t e  ( i f  t h e  two e f f e c t s  a r e  assumed 
independent, see Sec t ion  I V ) .  F ina l ly ,  the  f a c t o r  (w /o)H - 
i s  a measure of the  e f f i c i e n c y  w i t h  which the gas dissipates 
P P  
P P  
g 
t he  
A. 
1. 
energy t h a t  i s  imparted t o  it by t h e  plate  motion. 
The asymptotic behavior of H - ( e )  
Low ambient pressure  regime, M-’<s 
it i s  c l e a r  from Eq. (5.4) t h a t  a t  low ambient S ince  C - co, 
pressures ,  f o r  which M-’<s, 8 i s  s u b s t a n t i a l l y  less than  uni ty ,  
by v i r t u e  of our  assumption t h a t  hko<<l. I n  t h i s  case then:  
N 
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and 
4 1 - H+(@) 2 0 (0 ) 
T h i s  regime is  charac te r ized  by r e l a t i v e l y  l a r g e  p a r t i c l e  
v e l o c i t y  g rad ien t s ,  but  by small p a r t i c l e  v e l o c i t i e s .  The 
e f f i c i e n c y  of d i s s i p a t i o n  by the  gas i s  low (see Sect ion 11). 
2. 
I n  t h i s  regime 6>2, see Eq. (5 .4) .  The asymptotic value of 
H - ( e )  then  is:  
High ambient pressure regime, (hfl-’) (koh)>>4 
and 
T h i s  regime i s  charac te r ized  by r e l a t i v e l y  l a r g e  p a r t i c l e  
v e l o c i t i e s ,  but  by low p a r t i c l e  v e l o c i t y  g rad ien t s .  The 
e f f i c i e n c y  of d i s s i p a t i o n  by t h e  gas i s  r e l a t i v e l y  low 
(see Sec t ion  11). 
The e f f i c i e n c y  of d i s s i p a t i o n  has a maximum value when 
6’ 2; Hmax = H-(2) E 0.4 (see Fig.  3).  
-20- 
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B. The asymptotic behavior of G 
1. 
I n  t h i s  regime ( w  /w) H - ( e )  i s  small  for the frequency range 
of i n t e r e s t .  Also, t h e  r a t i o  a = 
of  t he  e f f e c t i v e  su r face  s t i f f n e s s  of the  gas (npo@/c&) t o  t he  
absolu te  value of the sur face  mass impedance of t he  p l a t e  
(ap IS siiia~l. (4 .1~1 w e  ieai?ii tiiat G IS uil t ty 
under these condi t ions.  I n  t h i s  regime the gas  motion hardly 
a f f e c t s  the v i b r a t i o n  of the p l a t e  i n  the  s t r i p .  The mean 
f l e x u r a l  motion of t h e  p l a t e  i n  t h e  s t r i p  has i t s  maximum 
value i n  t h i s  regime, provided t h a t  S =+ 1. 
Very low ambient pressure regime, hA-’<<s 
nPoB g 
of the absolu te  value 2 m u h  
P 
~ r o m  ~ q .  
2. 
The expression for G i n  t h i s  regime i s  
High ambient pressure regime (hA-’) (koh)>>4 
2 2 
G = [ ( 1 - %) + ( g) ] + ( 4 4 )  J 
where 
nPoB 
2 a =  u m h  
P 
If  a i s  small  compared w i t h  un i ty ,  i n  s p i t e  of t he  high 
ambient pressure,  G i s  e s s e n t i a l l y  u n i t y  i n  t h e  frequency 
range above t h e  c r i t i c a l  frequency, and regime B.2 here i s  
similar t o  regime B.l. Below the c r i t i c a l  frequency, G i s  
e s s e n t i a l l y  equal  t o  (w /a) , s ign i fy ing  t h a t  t h e  i n e r t i a l  
terms i n  the  gas dominate t h e  motion of t h e  gas between the 
two sur faces .  I n  both of these cases  t he  func t ion  G i s  
2 
g 
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independent of the ambient pressure.  If (&I) i s  greater 
than  both u n i t y  and (cu/w),  then  G is  a f u n c t i o n  of the 
ambient pressure.  The f l e x u r a l  v i b r a t i o n  of t he  p l a t e  
s t r i p  i s  i n h i b i t e d  by t h e  compress ib i l i t y  of the  gas  i n  
the space between the  t w o  sur faces .  This  effect  l eads  t o  
low l o s s  f a c t o r s ,  which decrease with inc reas ing  ambient 
pressure.  Note t h a t  a/4 dominance, and thus  a pressure-  
dependent G, can always be reached i f  the  ambient pressure  
i s  increased su r f  i c i e n t l y .  Thus, i nc reas ing  the  ambient 
pressure  i n  o r d e r  t o  b r i n g  about higher lo s s  f a c t o r s  has 
a l i m i t e d  range of a p p l i c a b i l i t y .  
g 
Some f e a t u r e s  of our d i scuss ion  of' t h i s  s e c t i o n  a r e  
sketched i n  Fig.  6. 
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V I I .  COMPARISON BETWEEN THEORY AND EXPERIMENT 
There are ava i l ab le  some experimental  da ta  on j o i n t  
damping t h a t  concern t h e  l o s s  f a c t o r  qa as a funct ion of t h e  
ambient pressure p 
were obtained by Carbonell and Ungar 1 3 2 3 3 J  by a method 
described i n  some d e t a i l  i n  references 1, 2 and 3. It is  with 
these data t h a t  w e  compare ou r  t h e o r e t i c a l  ca lcu la t ions .  
and the frequency f = w/27~.. These data  0 
The t e s t  system cons i s t s  of an aluminum plate,  '" x 20" x 14", t o  which an aluminum beam, i' x 1" x 17", m 
has been a t tached  by means of b o l t s  w i t h  3" spacing. The 
system was placed i n  a vacuum chamber i n  which the  ambient 
pressure could be var ied  from atmospheric pressure (760 mm Hg)  
down t o  about 1 mm Hg. The loss f a c t o r s  of both the bare 
p l a t e ,  and of t he  plate-beam system were measured i n  t h i r d -  
octave bands as func t ions  o f  ambient pressure.  The con- 
t r i b u t i o n s  t o  the loss f a c t o r s  due t o  t he  presence of t h e  
beam were computed from: 
J 
where q denotes the  lo s s  f a c t o r  o f  the  plate-beam system, 
and q t h e  loss f a c t o r  of the bare  p l a t e .  I f  the measured 
7, i s  dominated by gas-pumping e f f e c t s ,  then one would expect 
a c lose  r e l a t i o n  between Ga and the  t h e o r e t i c a l l y  determined 
1, a 
Pb 
P 
. Thus, we compare our t h e o r e t i c a l  es t imates  of q wi th  5a. 
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Me have i n s e r t e d  t h e  appropr ia te  values  of t h e  
e x p e r i r e n t a l  s t r u c t u r a l  system and of t h e  gas ( a i r )  i n t o  
Eq. (4.9) and c a r r i e d  out  t h e  c a l c u l a t i o n s  with the a i d  of 
a d i g i t a l  compute a. 
il = 1.4  [ s e t t i n g  n = i does not  a i t e r  the  resui ts  s i g n i f i -  
can t ly ,  see Fig. 7c.1 Computations were c a r r i e d  out  f o r  
4 ambient p re s su res  between 1 mm Hg and 4x10 
p y n p v i m p n t g  "'r-L &."A* !cere c a r r i e d  ~ c t  i~ t he  range from 1 mm E!! te 
760 mm H g  on ly)  and frequencies  between 1 kcps and 10 kcps. 
The lower frequency l i m i t  was chosen t o  be compatible with 
S(kpd) 2 1, i n  o rde r  t o  avoid the  complexities i n  S(k d )  
which occur f o r  k d < 5. The c a l c u l a t i o n s  a r e  presented 
w i t h  s = 30. Changes i n  s i n  the range from 20-40 were 
found not  t o  affect  t h e  r e s u l t s  s u b s t a n t i a l l y  i n  t h e  ranges 
f o r  which experimental  data  a r e  a v a i l a b l e .  The value f o r  t h e  
sepa ra t ion  h was chosen t o  be 7 .5~1O-~cm.  (This value appears 
no t  t o  be unreasonable. Computations c a r r i e d  out  f o r  h i n  the 
range 3 ~ 1 0 - ~ c m  t o  3 ~ 1 o - ~ c r n  i n d i c a t e  t h a t  t h e  value of 7 . 5 ~ 1 0 - ~ c m  
leads  t o  l o s s  f a c t o r  values which are i n  b e t t e r  agreement w i t h  
the  experimental  d a t a . )  
I n  these c a l c u l a t i o n s  we assume 
mm Hg ( t h e  
P 
P -  
It was found empir ica l ly  t h a t  t h e  experimental  da ta  i n  
t he  range of i n t e r e s t  can be best presented by p l o t t i n g  the  
loss f a c t o r  a s  a func t ion  o f  the  parameter p ~ / f ~ / ~ .  
t h u s  chosen t o  present t h e  comparison between theo ry  and 
experiments i n  terms of t h i s  parameter. The comparison 
on t h i s  basis i s  presented i n  g raph ica l  fo rm i n  Figs .  7 
(a ,b ,c ,d  and e ) .  
agreement between the  p r e d i c t e d  values  and t h e  experimental  
data. The agreement i s  s a t i s f a c t o r y ,  no t  only i n  terms of 
We have 
It i s  apparent t h a t  there i s  reasonable 
Eeport No. 1374 Bolt  Beranek and Newman Inc.  
' 'order of magnitude," but a l s o  i n  terms of the func t iona l  
dependence of t h e  lo s s  f a c t o r  on the  frequency and the  
ambient-pressure var iables .  
The ava i l ab le  experimental da t a  1,2,3/ were obtained 
without t he  guidance o f  a working theory.  Consequently, 
although some aspec ts  of these data can serve t o  t es t  the 
theCXy, vdiluat,luii oT' t h e  t1leoi.y 
r equ i r e s  add i t iona l  measurements, designed s p e c i f i c a l l y  t o  
br ing  out t h e  most c ruc ia l  aspec ts  of t h e  theory,  such a s  
t h e  dependence on t h e  separat ion h. Such a program of 
experimental  s tud ie s  is contemplated f o r  t h e  near  fu tu re .  
a c r i t i c a l  expzrir,ent-l --- 7 2 A - A *  
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V I I I .  DISCUSSION AND CONCLUSIONS 
We have shown t h a t  gas-pumping i n  the space between the 
p l a t e  and the  beam can be made t o  account s a t i s f a c t o r i l y  f o r  
the  observed d i s s i p a t i o n  In a plate-bean system. However, the 
values  of two parameters, s and h, both of which p l ay  s i g n i f i -  
c a n t  r o l e s  i n  the determination of the  l o s s  f a c t o r ,  had t o  be 
chosen empirically.  It would have been more satisfying i f  
these parameters could have been determined d i r e c t l y  by 
independent experiments o r  analyses .  It is  hoped t h a t  such 
an examination of t hese  parameters w i l l  be forthcoming. 
Nevertheless,  the  a n a l y s i s  does permit one t o  estimate how 
to optimize the  d i s s i p a t i o n  of a given system as a func t ion  
of ambient pressure ,  and t h e  sepa ra t ion  d i s t ance  h. 
S imi la r ly ,  changes i n  the loss  f a c t o r  with changes i n  these 
parameters can be predic ted  and used i n  t h e  design of s t r u c t u r e s  
incorpora t ing  plate-beam systems of the type  w e  considered above. 
A problem of some import i s  t o  examine t h e  v a l i d i t y  of 
t he  theory  i n  t h e  lower frequency range, where S(k d)  may 
d i f f e r  from uni ty .  There a r e  two p r a c t i c a l  d i f f i c u l t i e s  
a s soc ia t ed  with such an examination: 1. The complex na tu re  
of S(k d )  makes ca l cu la t ions  d i f f i c u l t  and cumbersome. 
2. Experiments would have t o  be made on f a i r l y  large s t r u c t u r e s ,  
and thus  would r e q u i r e  a l a rge  vacuum chamber. 
P 
P 
The above a n a l y s i s  d i d  no t  account for the  d i s s i p a t i o n  
a s soc ia t ed  with a c o u s t i c  r ad ia t ion .  It i s  important t o  r e a l i z e  
t h a t  t h i s  d i s s i p a t i o n  can be  r e l a t i v e l y  l a r g e  i n  plate-beam 
systems even below the  c r i t i c a l  f requencyu.  . I n  p a r t i c u l a r ,  i f  
t h e  plate-beam system is examined under ccnd i t i cns  where the  
p l a t e  i s  unbaff led,  ta, defined i n  Eq. (7.1), conta ins  t h e  full 
measure of t h e  d i s s i p a t i o n  by r a d i a t i o n  s ince  t h e  unbaff led bare 
-26- 
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p la te  has s u b s t a n t i a l l y  smaller r a d i a t i o n  e f f i c i e n c y  than  the  
r ibbed  p l a t e  2/ . I n  t h e  experiments discussed i n  Sec t ion  VI1 
t h e  acous t i c  coupling between t h e  plate-beam system and the  
vacuum chamber was no t  accounted f o r .  It i s  thus  poss ib l e  
t h a t  a t  the higher anlblent pressur& and frequencies ,  where 
the  p red ic t ed  l o s s  f a c t o r s  a re  r e l a t i v e l y  small, t he  a c o u s t i c  
coupling between the plate-beam system and t he  vacuum chamber 
may exp la in  some of t h e  discrepancies  between theory  and 
experiments i n  t h i s  range, and should be considered i n  f u t u r e  
s tud ies .  
cn1J.ld dis t -or t  the ohserved data s igni f icant ly .  This ccupling 
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FIGURE CAPTIONS 
Beam Riveted t o  P l a t e  
b = Beam Width, d = Rivet Spacing. 
Coordinate System 
h = Separation between P l a t e  and Beam Surfaces.  
Dependence of H ( e )  on Ratio 8 of Average Beam-to-Plate 
Separation h t o  Boundary Layer Thickness 2. 
- 
Dependence of P a r t i c l e  Velocity,  P a r t i c l e  Veloci ty  Gradient, 
and Energy Diss ipa t ion  i n  a Flowing Gas On Normalized 
Distance from a Sol id  Surface (Schematic). 
Geometry of Infinitesimal P l a t e  S t r i p s ,  Used i n  
Determination of Effect of G a s  Pressure on Veloci ty  i n  
Beam-Covered P la t e  Region. 
Dependence of Loss Factor on Ambient Pressure (Schematic) 
w / 2 ~  = Frequency, cu /27r = C r i t i c a l  Frequency, 
a = Ratio of E f fec t ive  Surface S t i f f n e s s  of Gas t o  
g 
Surface Mass Impedance of Plate.  
Comparison between Theoret ical  and Experimental Values of 
t he  Loss Fac tor  7 a' 
7. b Co~~iparXson belmeen Theoret ical  and Experiiiiental Values of 
a'  t h e  Loss Factor  7 
7. c Coi-pai'lsOn betreen Theoret ical  and Experimentel Values of 
t h e  Loss Fac tor  q a '  
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FIGURE CAPTIONS (Continued) 
7. d Comparison between Theoret ical  and Experimental Values of 
t he  Loss Fac tor  qa. 
7.e Conparlson betv!een Theoret ical  and Experimental Values of 
t h e  Loss Factor qa. 
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F I G . 1  A BEAM R l V l T E D  T O  PLATE 
b =  B E A M  W I D T H ,  d =  R I V E T  S P A C I N G  
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F I G . 3  D E P E N D E N C E  OF H ( 8 )  O N  R A T I O  8 OF A V E R A G E  
B E A M - T O - P L A T E  C E P A R A T I O N  h T O  B O U N D A R Y  
L A Y E R  T H I C K N E S S  6. 
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t 0 1 DISTANCE FROM THE SURFACE 
BOUNDARY LAYER THICKNESS I 
F I  G. 4 D E P E N D E N C E  OF P A R T I C L E  V E L O C I T Y ,  P A R T I C L E  
V E L O C I T Y  G R A D I E N T ,  A N D  E N E R G Y  D I S S I P A T I O N  
I N  A F L O W I N G  G A S  O N  N O R M A L I Z E D  D I S T A N C E  
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